When cells or DNA is exposed to ionizing radiation, the radicals produced in the irradiated sample will modify the base-pair region of the double strands. Effects of 1,2-dihydroxy-9,10-anthraquinone (DHA) and its Cu(ll) complex on the radiation-induced modification of doublestrands in calf thymus DNA were studied using ethidium bromide as a fluorescent probe. Our results show that the Cu(ll)-DHA complex is more efficient in modifying the base-pair region in double-stranded DNA compared to free DHA.
Introduction
Anthracycline antibiotic drugs (1) (2) (3) show cardiotoxicity and cytotoxicity that may be reduced by complexation with suitable metals (4-6). To understand the mechanism of cytotoxicity we undertook studies using 1,2-dihydroxy-9, 10-anthraquinone (DHA) as the model compound. The compound catalyzes the formation of superoxide radical anion through an enzymatic reduction pathway. However, its formation through the same reductive pathway is reduced when the compound is complexed with metal ions such as Cu(II), Fe(III), and Ni(II) (7, 8) . Because of the presence of the quinone moiety, the molecules could be used as suitable radiosensitizers (9) in radiotherapy. This paper is based on a presentation at the International Conference on Radiation and Health held [3] [4] [5] [6] [7] November 1996 in Beer Sheva, Israel. Abstracts of these papers were previously published in Public Health Reviews 24(3-4): 205-431 (1996) . Manuscript received at EHP 28 February 1997; accepted 3 July 1997.
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Address correspondence to Dr. P.C. Mandal, Nuclear Chemistry Division, Saha Institute of Nuclear Physics, 1/AF Bidhan Nagar, Calcutta-700 064, West Bengal, India. Telephone: 91 A literature survey shows little evidence that anthracyclines are effective radiosensitizing agents during radiotherapy. It is well established (10, 11) that the response of living cells to ionizing radiation involves various types of DNA damage in aerated and deaerated conditions (12) . Of the DNA constituents, pyrimidine and purine bases are more easily attacked than the aliphatic deoxyribose backbone. Radicals (13) (14) (15) (16) localized on bases can interact with ribose units to produce ribose radicals, which then leads to strand breaks (17) . The actual isolation and identification of bases damaged in the DNA chain in irradiated solutions light in advanced understanding of various forms of radiation-induced DNA damage. It should be noted that the radiation chemistry of free bases may be quite different from that of bases covalently linked to the phosphate-sugar backbone of the DNA chain (18) . However, prior knowledge of the interaction of free bases with radiation is certainly an advantage. The radiation chemical reactions of nucleic acid bases, e.g., uracil and thymine, have been studied in detail (19) (20) (21) . Also, we have studied the effects of DHA and its metal complexes on the radiosensitivity of uracil and thymine and have shown that DHA and metal complexes are good radiosensitizing agents (7, 22) . Though the results obtained in isolated base molecules could be extrapolated to nuclear DNA with some limitations, it is more relevant to study macromolecular DNA.
Ethidium bromide (ETB) forms a highly fluorescent complex with native DNA by intercalation between base pairs (23) . As stated earlier (13) (14) (15) (16) (17) , radicals produced in irradiated solution react at the base site of the DNA and destroy the hydrogen bonds, which leads to the breakage of the strands of the DNA. As a result, the fluorescent intensity of the ETB-DNA complex would decrease, which would give a measure of the change in the base pair region due to irradiation. In this investigation we studied the sensitizing effect of DHA and its Cu(Il)-complex on radiationinduced strand scission and modification at the base pair site of double-stranded calf thymus DNA in dilute aqueous solution.
In an earlier investigation (24) high doses were used to study the effects of radiation on DNA. However, for more radiobiological relevance, we used low doses to study such effects.
This study shows that a quinone DHA and its Cu(II) complex are able to enhance the radiation-induced double-strand modification in calf thymus.
Materials and Methods
1 ,2-Dihydroxy-9,1 0-anthraquinone (DHA) (British Drug House, U.K.) was purified by recrystallization from an alcohol-water mixture (8) . The concentration of solutions was 10-6 M. The compound DHA is sensitive to both light and air. Hence solutions were prepared just before use and were stored in the dark until needed. The Cu(II) complex of DHA was prepared by the method described earlier (8) of approximately 590 nm. However, when it is complexed with double-stranded DNA, the emission intensity is greatly increased. Again, when DNA solution irradiated with y-rays is allowed to bind with ETB, its fluorescence emission intensity decreases when compared to that of the unirradiated control.
The fluorescent intensity of the ETB-DNA complex formed with nonirradiated and irradiated DNA measured at 590 nm was corrected by subtracting the fluorescent intensity of free ETB at the same wavelength.
Heat-denatured DNA also gives appreciable fluorescence with ETB (24) . But if the intramolecular hydrogen bonding in single-stranded DNA destabilizs, there will be negligible increase in fluorescence due to ETB binding. In fact Morgan and Pulleyblank (23) 
Discussion
It is well established that cell death by radiation is the result of physicochemical alterations directly or indirectly produced by radiation on cellular DNA. However, it is difficult to reconcile that observation with the finding that the inactivation of DNA irradiated extracellularly is not comparable to that observed when DNA is irradiated intracellularly. A series of studies on the molecular mechanisms of radiationinduced DNA strand breakage offers a clear description of the radiation chemistry of a macromolecular structure. In these studies the main event leading to strand breakage in DNA irradiated in dilute solution is the formation of a C-4' radical in deoxyribose (25) . The C-4' radical is produced through hydrogen abstraction by OH'. In the absence of 02 this leads to a heterolytic cleavage of one of the sugar-phosphate bonds at C-5' or C-3' leading to DNA chain break.
Studies on Escherichia coli DNA with 14CH3 labeled on the thymine moiety indicates that irradiation with 60Co rays produced free thymine and its radiolyzed products (18) in addition to the formation of a modified DNA chain. It was suggested that the release of the thymine fragment (26) involves an OH attack at C-4' and C-i'. Hydrolysis (18) of the modified DNA chain yielded 14CH3-labeled thymine, 5,6-dihydroxythymine, cis-and trans-5,6-dihydroxy-5,6-dihydrothymine, etc., indicating that radiation damages the constituent bases exposed to it. Interaction In the presence of molecules that sensitize radiation-induced DNA damage, there occurs either a direct or an indirect mechanism that enhances such damage. Reports are available on the kinetics and reaction mechanisms of some cupric complexes of 1,10-phenanthroline (OP) 5-NO2-1,1 0-phenanthroline (5-NO2-OP), or 2,2-bipyridine (bpy) with O2-, H202, and 02 in the presence of calf thymus DNA. They indicate that these complexes are effective cleaving DNA (27) . Results indicate that the cuprous complex of these ligands formed during the course of reaction binds to DNA and that subsequent oxidation by H202 causes site-specific damage due to formation of the OH at the binding site (27) (28) (29) .
We found in the present investigation that radiation-induced modification of the base-pair region in calf thymus DNA increases in the presence of DHA In the presence of N20 the e -formed are completely converted to OHT. As our experiments were carried out in a nitrous oxide-saturated solution, the damage inflicted on DNA was primarily due to OH attack. Studies with model pyrimidine nucleic acid bases indicate that in the case of uracil, thymine, and cytosine, the 5,6 positions of the ring are most susceptible to attack by OH (30, 31) . This results in the generation of a radical center either at C-5 or at C-6. If this radical center transfers an electron to the sensitizer molecule, there is every possibility that a carbocation will be generated either at C-5 or C-6. Once that happens the nucleic acid base becomes susceptible to attack by water molecules, leading to the formation of glycol or ring-cleaved products. However, the transfer of the electron from the radical center at C-5 or C-6 certainly depends on the redox couple of the quinone and its corresponding semiquinone. (27) (28) (29) .
CuIQ3 + H202 -e CuI"Q3 + OH*+ OH-.
[5]
Metal complexes of Cu(II) and Cu(I) show a tendency to bind to DNA (27) (27) and Prutz (32) have suggested the formation of a discrete OH' the vicinity of the reaction site, that formation is questioned by Johnson and Nazhat (33) . They suggest that instead of an OH', a species dosely approximating OH co-ordinated with Cui, and/or a Cui1 species coordinated with OH' is formed that react in a way similar to that of the OH'. However, it can be argued that whether the discrete OH' or a Cu(II)-bound OH' as proposed by Johnson and Nazhat. is formed, it will react further with the base molecule in the DNA at the site of their OH' formation. As a consequence it is likely that modification of DNA would increase in the presence of the metal complex and that this would be higher than might be expected with quinone. 
